Abstract: Lingulids and discinids are the only brachiopods that exhibit life histories that include a feeding planktonic stage usually referred to as a "larva". We collected planktotrophic brachiopod larvae from the Pacific and Caribbean coasts of Panama and took a DNA barcoding approach with mitochondrial cytochrome c oxidase subunit I (COI), mitochondrial ribosomal 16S, and nuclear ribosomal 18S genes to identify those larvae and to estimate their diversity in the region. We observed specimens from both coasts with distinct morphologies typical of lingulid and discinid larvae. COI and 16S were sequenced successfully for the lingulid larvae but failed consistently for all discinid larvae. 18S was sequenced successfully for larvae from both families. Sequence data from each gene revealed one lingulid operational taxonomic unit (OTU) from Bocas del Toro on the Caribbean coast, and one lingulid OTU from the Bay of Panama on the Pacific coast. These OTUs differed by >20% for COI, >10% for 16S and~0.5% for 18S. Both OTUs clustered with GenBank sequences of Glottidia species, the only genus of lingulids in the Americas, but were distinct from G. pyramidata the only species reported for the Caribbean. Analysis of 18S sequence data for discinid larvae recovered 2 OTUs, one exclusively from the Pacific and one with a mixture of Pacific and Caribbean larvae. The 18S marker does not provide enough resolution to distinguish between species, and comparisons with GenBank sequences suggest that one OTU includes Pelagodiscus species, while the other may include Discradisca species. When compared with other marine invertebrates, our surveys of brachiopod larvae through DNA barcoding show relatively low levels of diversity for Panama.
Introduction
Within extant Brachiopoda, species in only two families (Lingulidae and Discinidae) have life histories with planktotrophic (planktonic, feeding) developmental stages [1] . These are generally referred to as larvae (a convention which we follow), although morphologically the shelled stages are planktonic juveniles [2] [3] [4] [5] . Brachiopod larvae from other families lack functional guts and are lecithotrophic (non-feeding). Observations of the species with planktotrophic larvae have contributed significantly to ideas about the evolution of mode of development, the mechanisms of evolutionary loss and gain of feeding larvae, and provide a basis to infer the mode of development in fossil brachiopods [5] [6] [7] . Despite this interest, very little information has been published on the diversity and ecology of planktotrophic brachiopod larvae with the exception of detailed studies on Glottidia pyramidata [8] , Lingula anatina [2, 9] and Discinisca [10, 11] . No information has been published on
Materials and Methods

Sample Collection
Caribbean samples were collected in the Bahia Almirante in Bocas del Toro Province and Pacific samples were collected in the Bay of Panama. Details of our collections are given in reference [18] . Briefly, Caribbean larvae were collected with a 0.5 m diameter 125 µm mesh plankton net towed behind a small boat that was moving with the engine in neutral. This method maintained the net at 10-20 m depth. The volume of water sampled was measured using a flow meter (General Oceanics) tethered within the mouth of the net. Structured quantitative sampling involved four collection campaigns evenly spaced over one year (August 2015 These samples were collected in a similar way, but included sites from throughout Bahia Almirante. Samples from the Pacific were collected from the northern region of the Bay of Panama, adjacent to Taboga and/or Contadora Islands between 2013 and 2016. Pacific tows were exploratory, and nets were towed for approximately 20 min, using the same net as was used in the Caribbean; however, the boat engine was periodically moved in and out of gear to sample a depth-range of approximately 5 to 20 m. Sampling sites and dates were selected opportunistically as weather and sea conditions permitted.
Live plankton samples were sorted using a stereomicroscope and all brachiopod larvae were moved to dishes of filtered sea water. In Bocas del Toro, each sample was sorted exhaustively, providing data on larval density per tow. For samples from the Bay of Panama, larvae were also sorted using a stereomicroscope but no effort was made to ensure that all larvae were detected and counted. Only one tow was sorted exhaustively to count the numbers of larvae. Representative larvae from each tow, and from each coast, were individually photographed live in seawater through a stereomicroscope Diversity 2019, 11, 2 3 of 13 prior to preservation for DNA sequencing. We recorded the overall appearance, morphological details, and approximate size of each larva when viewed with epi-illumination in front of a black background, with some larvae also observed with transmitted light.
DNA Sequencing
Individual larvae were preserved in 150 µL of M2 extraction buffer (AutoGen) in 96-well plates, stored frozen at −20 • C, and shipped to the Smithsonian's Laboratories of Analytical Biology (LAB) for DNA extraction and Sanger sequencing. DNA from each larval sample was extracted with an AutoGenprep 965 extraction robot after overnight digestion with proteinase-K in M2 buffer. We attempted to sequence 3 gene fragments using the primer combinations given in Table 1 . Cytochrome oxidase subunit I (COI) and the 16S rRNA gene, both commonly used barcode fragments, were sequenced with the aim of identifying larva to species level, while 18S, which evolves much more slowly, was sequenced with the aim of confirming the family-level or possibly genus-level identity. In addition to the primers listed in Table 1 , the phoronid-specific primers described in reference [18] were tested but failed to amplify the 16S fragment from samples that did not amplify with the other primer pairs. The PCR cocktail included 5 µL GoTaq Hot Start Mix (Promega), 0.1 µL 20 µg/µL BSA, 0.3 µL each 10 mM primer and 0.5 µL dNTPs (2.5 mM each) in a total volume of 10 µL. The cocktail for 16S used Biolase Taq (Bioline) with the addition of 0.5 µL 50 mM MgCl 2 . The annealing temperature for nearly all reactions for all three gene regions was 50 • C, although occasionally it was raised to 52 • C in an attempt to increase priming specificity when it appeared that co-amplification was occurring. 
Sequence Analysis
Sequences were screened for quality and contigs of forward and reverse sequences were produced using Sequencher 5.4.6 (Gene Codes). Only COI sequences of more than 450 bp in length and with a Phred quality score of at least 30 for more than 85% of the bases were combined into contigs and used for analyses. For both 16S and 18S, sequences greater than 400 bp were analyzed. To check for potential contamination, all sequences were compared internally with all other larvae sequenced in our project within the BoLD project workbench (www.boldsystems.org) and also compared to other publicly available sequences using BLAST searches in GenBank. Sequences that had identity >95% to species in other phyla were eliminated from subsequent analyses.
Because DNA barcoding is a distance-based approach, we constructed neighbor joining trees (BIONJ, [23] ) with Jukes-Cantor distances from our sequences combined with every lingulid and discinid brachiopod COI, 16S, or 18S sequence available in GenBank as of 10 March 2018. COI alignments were performed with the BoLD aligner (amino acid based Hidden Markov Model [24] ) whereas 16S and 18S alignments were performed with the Kalign algorithm [25] . Alignments were subsequently corrected manually when necessary. We stopped correcting the alignment when no other region in which the differences among sequences appeared to be caused by the position of gaps, rather than by actual nucleotide differences was found, or when regions in which the number and extension of the gaps could not be reduced without causing more nucleotide differences. Operational Taxonomic Lingula anatina X81631 Hong Kong [32] Lingula anatina AB747095 Japan [31] Lingula anatina U08331 New Caledonia [33] Lingula rostrum AB855774 Japan [31] Lingula reevii AB747096 Japan [31] Lingula reevii AH001678 unknown [34] Lingula reevii LC334155 Japan Kurita et al. Unpublished
Lingula shantungensis AB056459 Japan [29] Lingula adamsi AB128054-63 South Korea [35] Lingula adamsi U08329 New Caledonia [33] Glottidia palmeri AF201744 Baja California [36] Glottidia pyramidata U12647 Florida, Gulf Coast (K Halanych, pers.com) [37] Glottidia pyramidata MK015669 Florida, Gulf Coast K. Kocot, unpublished
Discinids
Discinisca cf. tenuis AF202444 Namibia [36] Discinisca cf. tenuis U08327 Namibia [33] Discinisca cf. tenuis AY842020 Panama Bay, Panama [38] Discina striata U08333 Gambia [33] Pelagodiscus atlanticus JQ414032 Antarctica [39] Pelagodiscus atlanticus JQ414033 Uncertain 3 [39] Brachiopod sp. AF025935 Guam, Pacific [33] 
Results
A total of 73 brachiopod larvae (38 from the Bahia Almirante and 35 from the Bay of Panama) were collected to sequence (Figures 1 and 2 ). We found larvae with morphology typical of both lingulids and discinids on both coasts. Structured sampling in Bahia Almirante produced 0 to 11 brachiopods per tow with an average density of 2.26 (s.d. = 0.63) individuals per m 3 of seawater sampled, densities similar to lingulid densities reported by Hammond [40] . Larvae were collected during all four sampling periods and were not obviously more abundant during any particular season. In the Caribbean, all of the larvae had attained the shelled stage. In the Pacific, very small, early stage discinids with multiple ciliated lobes and long setae, but lacking a shell, were occasionally abundant (>15 in some tows) although shelled stages were easier to detect in the samples. Brachiopod larvae were abundant (66 in the single sample we collected using the same procedure as for the Caribbean) in the Pacific, but density estimates cannot be given as the volume of water sampled was not quantified for most tows at these sites. We did not find lecithotrophic brachiopod larvae in any sample.
Morphology of Discinid Larvae
The morphology of all Panamanian discinid larvae was typical of morphologies previously described for discinid larvae (Figure 1 ) [9] [10] [11] [41] [42] [43] . The early un-shelled larval stages observed in the Bay of Panama had four pairs of cirri and extremely long (~600-800 microns) setae whose birefringence makes the tiny (<150 microns) larvae relatively easy to see under a stereomicroscope with epi-illumination. These larvae could not be easily imaged and they had such little tissue we did not attempt to sequence them. We did not find early un-shelled stages in our Caribbean samples. Presence of very early stages in the Pacific plankton sample supports Chuang's [11] conclusion that early stages are not brooded or benthic, while little can be concluded by their absence in the Caribbean, where all stages of larvae were uncommon.
Small, early-stage shelled larvae had an overall transparent appearance, a shell length of 200 microns and one bundle of long setae on each side (referred to as embryonic setae by Chuang [11] , although they appear to be homologous to larval setae of articulate brachiopods [4] ). The three larvae from the Caribbean collected at this stage had at least four long setae on each side, and one individual had five on one side. The only larva collected from the Pacific at this stage had two setae on one side and one on the other side ( Figure 1E ). The larvae from both locations had four pairs of cirri (p.c.) with two pairs on each side of the median tentacle, a pattern that is typical of discinid larvae [1] . In all four larvae, the relatively larger, curved, principal larval setae were already visible. Their shells were slightly wider than they were long, and the distinctive posterior shell embayment on the ventral valve that is characteristic of discinid larvae had not yet developed.
Later developmental stages that had lost the long setae were more common in our samples ( Figure 1A-D) . These larvae had a shell length of 300-600 microns, an embayment on the posterior margin of the ventral shell, and clear development of the pedicle posterior to the gut and anterior to the shell embayment. All of these larvae possessed a number of small setae around the edge of the shell. These setae were difficult to distinguish in darkfield micrographs and variable in number in the brightfield micrographs we obtained for a subset of larvae ( Figure 1A-C) . These larvae all had four pairs of cirri, and in some larvae very subtle rust color was observed on the median tentacle (e.g., Figure 1C ) and near the shell embayment under reflected light. Two red spots were visible within the tissue lateral to the gut. These appear coincident or slightly anterior to the statocyst. These larvae also had greenish-yellow pigment granules in a distinct band around the perimeter of the mantle, which appeared dark under transmitted light ( Figure 1A-C Figure 1A-C) . No sequence data was generated for this specimen. Abbreviations: ci, cirri; cs, curved seta; ds, dorsal valve; es, esophagus; ls, larval setae; mi, minor setae; ms, major setae; mt, median tentacle; pb, pedicle bud; se, seta; st, stomach; vv, ventral valve. Scale bars = 100 μm. No sequence data was generated for this specimen. Abbreviations: ci, cirri; cs, curved seta; ds, dorsal valve; es, esophagus; ls, larval setae; mi, minor setae; ms, major setae; mt, median tentacle; pb, pedicle bud; se, seta; st, stomach; vv, ventral valve. Scale bars = 100 µm.
Morphology of Glottidia Larvae
All extant lingulids from the Americas are currently classified in the genus Glottidia [16, 44] . Therefore, the lingulid larvae we collected are almost certainly Glottidia species. Larval morphology as described below was similar for specimens collected from both oceans and very similar to those described in the literature [8] . These larvae can be distinguished from discinid larvae by their straight posterior shell margin, larger size, and the absence of long setae projecting outwards from the shell. In our samples they ranged from early stages with a D-shape and a long straight posterior shell margin to stages where this early shell was still evident as the protegulum (Figures 2A and 3A) , to larger oval-shaped larvae with a well-developed pedicle coiled inside the posterior region of the shell ( Figures  2B,C and 3C,D) . These larvae were semitransparent overall, but with an intense ring of yellowish pigment along the margin of the otherwise transparent mantle tissue.
The Glottidia from Bocas del Toro (Figure 2 ) ranged from 300 microns to approximately 1.0 mm in length. At 300 microns, the band of yellow highlighting the mantle margin was clearly visible but the pedicle had not yet begun to develop (Figure 2A) . At 500-600 microns, the larvae had 6-8 pairs of cirri. At 800 microns, an array of shell setae was visible around the margin of the oval shell, and at 900 microns there were ten pairs of cirri. The pedicle was well-developed in the 1.0 mm long larvae ( Figures 2B and C) , which also had sparse brownish-orange pigment around the gut and on the tentacle (noted on some dates but not others), and at two distinct spots at the corners of the mouth ( Figure 2B ). Larvae were reluctant to extend their lophophores under the microscope, which limited our ability to count the number of cirri in most of the largest individuals we studied.
Glottidia larvae from the Pacific ( Figure 3) were generally similar to those from Bocas del Toro. In addition to yellow pigment along the mantle margin, the cirri were commonly tipped with orange pigment ( Figure 3A) and in large larvae, there were light brown spots at each side of the mouth (apparently visible in only one orientation). When we were able to count the cirri, larvae measuring 1.0 mm typically had up to 14 pairs. The largest larvae we captured were larger than those from the Caribbean, with some measuring 1.2 mm in length with a large pedicle ( Figure 3D ) and some possessing large posterior setae in addition to definitive shell setae around the aperture.
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Glottidia larvae from the Pacific (Figure 3) were generally similar to those from Bocas del Toro. In addition to yellow pigment along the mantle margin, the cirri were commonly tipped with orange pigment ( Figure 3A) and in large larvae, there were light brown spots at each side of the mouth (apparently visible in only one orientation). When we were able to count the cirri, larvae measuring 1.0 mm typically had up to 14 pairs. The largest larvae we captured were larger than those from the (C) Larva with twelve pairs of cirri, elongate shell, definitive setae around the shell margin and a pedicle; (D) Late larva with definitive setae and a well-developed pedicle. Abbreviations: dg, digestive glands; ds, definitive setae; es, esophagus; ma, mantle; mo, mouth; mt, median tentacle; pe, pedicle; pr, protegulum; pt, pedicle tip; te, tentacle. Scale bars = 100 µm.
DNA Barcoding
Of the 73 larvae, 30 (14 from the Bahia Almirante and 16 from the Bay of Panama; Table 2 ) were sequenced successfully for COI. The success rate for sequencing Glottidia larvae was high (94% for COI and 100% for 16S), while discinids completely failed to amplify for these markers. For Glottidia, the analyses of COI and 16S sequences both produced 2 distinct OTUs (OTU1 and OTU2; Figure 3) , with one OTU including larvae only from one ocean (Figure 4) . These OTUs differed from each other by more than 20% Jukes Cantor distance in COI and more than 10% in 16S. They also differed from Glottidia pyramidata from Florida by a similar amount in COI (Figure 4) . The 18S marker was sequenced with 84% overall success and produced four OTUs; two for each type of larva (discinid and lingulid). The two 18S OTUs for Glottidia coincided with the OTUs recovered with COI and 16S. Both OTUs of Glottidia larvae clustered most closely with the other available Glottidia sequences in GenBank. 18S sequences from OTU1 from Bocas del Toro differed at one site from the available sequence of Glottidia pyramidata from Florida, while the sequences from OTU2 differed from these at several sites (Figure 4) . The discinid 18S sequences also produced two OTUs (OTU3 and OTU4). OTU4 contained four individuals from the Pacific and was identical to a previously published sequence of Discinisca cf. tenuis from Namibia [33, 38] . Only two of these four larvae were photographed successfully ( Figure 1C,D) , and no definitive morphological differences could be discerned to distinguish them from larvae in OTU3. Discinid larvae in OTU3 contained a mix of individuals from the Pacific (10 individuals) and the Caribbean (18 individuals), and were identical to two GenBank sequences: One from Discinisca cf. tenuis from the Bay of Panama [38] and the other from Pelagodiscus atlanticus from the Tropical East Pacific [39] .
Discussion
It is common for DNA barcoding studies of larvae to detect more or different species than have been detected in surveys of adult diversity (e.g., [18, [44] [45] [46] ). This has been the case with surveys of phoronid and nemertean larvae in Panama using the same methods as described here [18, 47] . However, our study of brachiopod larvae appears to be an exception. Documented ranges of adult brachiopods suggest that we may expect to find a minimum of 5 species on the Pacific coast and 2 species on the Caribbean coast. These estimates are based on incidental observations in published literature, and not from focused efforts to collect or document actual brachiopod occurrences. Therefore, the expected diversity may under-estimate the actual diversity of the region. We recovered fewer larval OTUs than this.
As is common with studies of marine invertebrates, the paucity of identified sequences in public databases such as GenBank limits our ability to identify larvae with DNA barcoding data. Our results suggest that mitochondrial markers could be useful in systematic and population genetic surveys of Glottidia, as they have been for Lingula in Asia [29, 35] , and that lingulids are likely to be recovered in meta-barcoding studies using 16S and COI markers. With the data at hand, we can draw only one conclusion about the identity of the lingulid larvae we collected. Glottidia pyramidata has been reported in the eastern Caribbean [14] and the GenBank COI sequence from the Gulf coast of Florida clearly shows our Caribbean OTU to be related to, but distinct from, this species, while the 18S provides insufficient resolution to distinguish them (Figure 4 ). This indicates there are at least two species of Glottidia in the Greater Caribbean region. A number of other invertebrates show cryptic diversity with genetic or phylogenetic breaks between the eastern and western, or northern and southern Caribbean [48] [49] [50] . Sampling designed to test for such a genetic break in Glottidia from the Caribbean and Gulf of Mexico is necessary to clarify the ranges of these two species, and comparisons of adult morphology will be necessary to clarify the taxonomy. Larval morphology is unlikely to contribute to this taxonomic challenge, as we did not find any obvious diagnostic differences between the larvae of the two OTUs. Maximum size did appear to differ, as did the number of cirri at large shell sizes, however, the relationship between cirri and shell size is thought to vary within species [40] , therefore use of this feature should only be implemented after statistical verification that these features differ significantly between species.
Discinids present more of a challenge for genetic studies as primers that amplify mitochondrial markers in these animals have not been developed. Our 18S sequences could provide some indication of the generic identity of the OTUs; however, the slow rate of evolution in this gene combined with poor taxon coverage and taxonomic uncertainty in GenBank make it challenging to come to a clear conclusion. Our results revealed that the rare OTU4 contains larvae exclusively found in the Pacific of Panama, and are identical matches to GenBank sequences of adult Discinisca. cf. tenuis collected in Namibia. The common OTU3 includes larvae collected from the Pacific and the Caribbean, and are identical matches to GenBank sequences from D. cf. tenuis adults collected in the Bay of Panama [38] and to Pelagodiscus atlanticus from the Tropical Eastern Pacific [39] . Presumably, one of these OTUs is the species that has been previously identified as Discradisca strigata [15] , which is abundant in the rocky intertidal of the Bay of Panama.
Our 18S results could be explained by a number of scenarios. If the samples from OTU3 belong to closely related geminate species or at least to the same genus, the slow rate of evolution in 18S could mean that these data fail to distinguish between the species. This could explain why it appears that OTU3 occurred in both the Pacific and Caribbean samples-the occurrence of multiple species in OTU3 is masked by insufficient sequence divergence. The only congeneric adults that are reported to occur on both coasts of Panama belong to Discradisca (D. strigata and D. cumingi in the Pacific and D. antillarum in the Caribbean). In addition, Discradisca strigata is extremely abundant in the intertidal near our collecting sites making it reasonable to conclude that OTU3 may encompass Discradisca species. Unfortunately, the sequences for OTU3 are identical to GenBank sequences for both Pelagodiscus and Discinisca, and there are no 18S sequences for Discradisca in GenBank. If OTU3 is Discradisca, OTU4 would likely be from the deep-water Pelagodiscus atlanticus, the only other known species in the Pacific of Panama (although it matches sequence(s) labelled as Discinisca in GenBank). Alternately, the common larval OTU3 could be Pelagodiscus atlanticus, which is also reported to occur in the Caribbean, and the uncommon OTU4 could be some combination of Discradisca species. This is possible as larval abundance does not always closely track adult abundance.
Unfortunately, larval morphology of these species cannot be of additional help, as definitive larvae of Pelagodiscus have not been described in detail. In general larval descriptions are based on wild-caught larvae which are inferred to belong to the local species with the most abundant adults, resulting in tentative identifications. Nevertheless, published descriptions suggest that both the placement of and order of appearance of setae may be useful in distinguishing larval types [41] . Setal patterns seemed to vary within our OTUs and the lack of resolution from the DNA sequence data and small sample size of larvae in OTU4 leaves the taxonomic utility of this feature open for further study.
In conclusion, using DNA barcoding of planktonic larvae we documented two species of Glottidia in Panama. Identification of these species was not possible as the Caribbean specimens did not match Glottidia pyramidata, the only species previously reported for the Caribbean, and no published sequences are available for G. audebarti or G. albida, the two species reported as adults from the Pacific. We also documented at least two (probably three) species of discinids, but low resolution of 18S sequence data and taxonomic confusion in the few published sequences prevents identification of these larvae. 
